Ca2+ has been proposed to mediate inhibition of root elongation. However, exogenous Ca2+ at 10 or 20 millimolar, applied directly to the root cap, significantly stimulated root elongation in pea (Pisum sativum L.) and com (Zea mays L.) seedlings. Furthermore, Ca2+ at 1 to 20 millimolar, applied unilaterally to the caps of Alaska pea roots, caused root curvature away from the Ca2+ source, which was caused by an acceleration of elongation growth on the convex side (Ca2+ side) of the roots.
Despite strong arguments that Ca" mediates inhibition of root growth (6, 7, 10, 11) , there is no consensus as to how, where, or when the cation has its effect (4, 10, 15) . The proposed inhibitory action of Ca> has been emphasized particularly in studies of root gravitropism (7, (10) (11) (12) . Such action has led to a theory that a redistribution of Ca>2 occurs in the root cap in response to gravistimulation, leading to an inhibition of root elongation by increasing the level of an inhibitor or by changing tissue sensitivity to it at the zone of elongation (11) . An example of evidence supporting this theory is that roots have been shown to curve toward the higher Ca>2 side of an artificial Ca>2 gradient when applied unilaterally to the capless roots of corn (17) . The level of Ca>2 is also reported to increase asymmetrically on the bottom side of the tip of horizontally oriented roots (18, 21) . Downward ' Supported by a fund from the Yamada Science Foundation (Osaka, Japan) to H.T., by grants from the Institute of Space and Astronautical Science (Sagamihara, Japan) to H.S., by a grant (NAGW-1842) from the National Aeronautics and Space Administration, and a subcontract (No. 837-907-7) from Bionetics Corp. (Kennedy Space Center, Cape Canaveral, FL) to T.K.S.
or positive gravitropic curvature of roots could thus occur by growth inhibition on the bottom side of the horizontally oriented roots, which might be regulated by a Ca2" asymmetry in the root cap. The inhibition theory is proposed to be consistent with the hypothesis that root gravitropism may be regulated by a growth inhibitor from the root cap (9, 24) . However, recent studies of the effect of Ca2+ on root elongation show both inhibition and stimulation of growth due to Ca2' application (6, 11) . In addition, the inhibition theory alone cannot account for the growth kinetics of graviresponding roots because a number of studies show that an acceleration of elongation growth also takes place following gravistimulation (13, 14, 26) .
Elevation of cytoplasmic Ca 2 in root cap cells has been proposed to be a key event in the signal transduction of gravity. In Merit corn roots which require red light for orthogravitropism, a Ca" ionophore, ABA, and osmotic shock, each proposed to elevate cytoplasmic Ca2+ levels in roots, do substitute for the light effect and induce an orthogravitropic response in the dark (19, 23, 25) . The cytoplasmic Ca2+/ calmodulin system is also reported to play a role in such signal transduction of gravity (2, 27) . Each of these responses is considered to take place in the root cap. Thus, Ca" in the root cap is very likely one factor responsible for modification of root growth and tropisms. However, the mechanism of action in growth and the relationship between cytoplasmic Ca`and its redistribution in gravistimulated roots require further elucidation. To answer such points, it is crucially important to obtain detailed information regarding the root cap and the effect of Ca2+ on root elongation and curvature.
Contrary to the inhibition theory, we report here evidence for the mediation of root cap Ca2+ in the promotion of root growth and curvature in pea and corn seedlings. The agravitropic roots of the pea mutant, ageotropum, are also highly sensitive to the stimulatory action ofCa>, which may provide further information concerning the mechanism ofCa> action in root growth and root tropisms. (16, 19) . Accordingly, excess water or swollen mucilage on the root surface, of particular importance in corn (20, 29) , was carefully removed with filter paper before treatment with agar blocks, while using care to avoid drying during experimental manipulations.
MATERIALS AND METHODS

Seeds
To measure the growth of roots, 250-Mm glass beads were attached on both sides of the vertically placed root with approximately 1-mm intervals for apical 10- Each Ca2" treatment was repeated at least three times (often more, depending on the cultivar). lonophore or ABA experiments were also repeated at least three times. Results of repetitions gave comparable results but varied with the treatment and the cultivar used. Data presented are, therefore, the mean ± SE of representative experiments.
RESULTS
To examine the effect of root cap application of Ca2" on root elongation, dark-grown roots of pea and corn were exposed to white light in a vertical position for 2 h before Ca2' application. Agar blocks containing 10 or 20 mm Ca2+ in 2 mm Mes buffer or the buffer alone were then placed over the cap end of the roots symmetrically. Elongation growth of the roots was measured at designated times following the application of blocks. As shown in Table I (12) . Because this report is in disagreement with the growth stimulatory action of Ca2+ found in the present study, we reexamined the effect of Ca2+ on the induction of root curvature by applying agar blocks containing various concentrations of Ca2+ to the root cap of pea and corn roots. As shown in Figure 1 , unlike the previous report (12) , Ca2' applied unilaterally to the root cap caused unequivocal root curvature away from the Ca2+ source in these two pea and two corn roots as well as all other cultivars or varieties used in the present study (see "Discussion"). When exposed to white light for 2 h before Ca2' application, Alaska pea roots showed slight curvature away from 1 mm Ca2' 4 h after the application (Fig. IA) . The curvature was greater as the Ca2+ concentration increased to 10 mm. On the other hand, roots of the pea mutant, ageotropum, showed strong curvature away from 1 mm Ca2+, and the response was significantly greater than that of Alaska pea roots at all higher concentrations tested (Fig. 1A) . Unlike peas, roots of Merit and Silver Queen corn did not curve significantly at concentrations of 1 or 5 mm of Ca2+ (Fig. 1B) Because the cause of the Ca2"-stimulated curvature could result from the combination of differences between the maintenance of growth or growth stimulation, inhibition, and cessation on the Ca2" treated and opposite sides (14) , the growth ofboth sides ofthe root was measured for 4 h following cap application of Ca2". As shown in Table II , roots of both Alaska and ageotropum peas curved away from 10 mM Ca2" because ofan acceleration ofelongation growth on the convex side (Ca2" side) and without inhibition on the opposite, concave side, of the root. The growth of the Ca2"-applied side was approximately 28% greater than that of the opposite side in Alaska pea and approximately 35% greater in ageotropum. The growth of the concave side was not less than the side of the straight control root in either pea. Agar blocks containing 10 mM Ca2+ placed asymmetrically on the root cap and maintained in the dark consistently caused curvature away from the Ca2+ source in Alaska and ageotropum pea roots (Fig. 2) . In ageotropum, the curvature became distinct between 1 and 2 h and reached a plateau 4 h after the treatment. Exposure of the roots to white light for 2 h before Ca2" application significantly increased the response to Ca2+ (Fig. 2A) . Alaska pea roots also curved away from the 10 mm Ca2" agar block immediately after its application but less so in the dark than ageotropum (Fig. 2B) . The slight curvature of Alaska pea roots due to Ca2" was transient; the roots regained their straight vertical position after 4 h. Again, preexposure of Alaska pea roots to white light substantially enhanced the curvature away from Ca2+ (Fig. 2B) . For the first 4 h, the curvature of the light-exposed roots of Alaska pea was virtually the same as that of ageotropum, although this response was also transient (Fig. 2) . The (Table I) . Although for experimental reasons a 2-h light treatment was normally used, exposure of the roots to white light for as little as 10 min was sufficient to cause saturation of its effect on Ca2+-stimulated curvature (Table  III) . Control agar blocks placed asymmetrically on the root cap did not cause curvature in either dark-grown or lightexposed roots of either pea variety (Table III) .
The light effect on gravitropism of light-requiring orthogravitropic roots is considered to be mediated by phytochrome in the root cap (8) , and agents such as the Ca2+ ionophore, A23187 (23, 25) , and ABA (19) (Table IV) . Ca2+-stimulated curvature of pretreated roots was 33.2 ± 1.8°in 4 h, whereas roots without pretreatment showed no curvature. The curvature of light-exposed roots was 46.2 ± 1.9° (Table  IV) . ABA also substituted partially for the light effect and enhanced the Ca2+-stimulated curvature of Alaska pea roots in the dark (Table V) Elevation of cytoplasmic Ca2" levels in the root cap, previously proposed to play an important role in signal transduction of gravity (2, 19, 23, 25) , could participate in gravitropic curvature of roots through its stimulatory action because many studies have shown that an acceleration of root elongation takes place following gravistimulation (13, 14, 26) . In this regard, root curvature away from a Ca2" source appears to be the opposite of reports that there is a Ca2' redistribution with more accumulation on the bottom side of the graviresponding roots curving down (18, 21 Differences in responsiveness of roots to Ca2" may also result from different water conditions at the tip as described in "Materials and Methods" (20, 29) . However, it is now evident that roots of many cultivars of corn and pea, including all those tested in the present study, curve away from Ca2+ when applied unilaterally to the root cap and that the response is concentration dependent (Fig. 1) . Thus, the proposed model for Ca2' action in inducing root curvature through growth inhibition (11, 12) needs to be restated and further studied.
